The Snell phase effects on the propagation of optical beams through dielectric blocks have been matter of recent theoretical studies. The effects of this phase on the laser profiles have been tested in our experiment. The data show an excellent agreement with the theoretical predictions confirming the axial spreading modification and the transversal symmetry breaking. The possibility to set, by rotating the dielectric blocks, different configurations allows to recover the transversal symmetry. Based on this experimental evidence, dielectric blocks can be used as alternative optical tools to control the beam profile.
I. INTRODUCTION
Studies of the optical beam phase confirmed [1] or suggested deviations [2] [3] [4] [5] [6] [7] [8] from the law of geometrical optics [9, 10] . For example, the first order Taylor expansion of the Snell phase represents an alternative method to calculate, by the stationary phase method [1] , the optical path of light beams. In a recent work [11] , the effects of the second order Taylor expansion of the Snell phase on the beam profile was investigated and an analytical formula found for the transversal symmetry breaking and the axial spreading modification. If such theoretical predictions were confirmed by an experimental analysis, the use of the Snell phase in describing the optical beam propagation through dielectric blocks is not a matter of elegance in determining the optical path, but a necessity in correctly predicting the beam profile behavior. In this case, the importance of the Snell phase could not only be seen in confirming the law of geometrical optics (first order term expansion) but also in predicting deviations from the original shape of our beam (second order term expansion).
The beam profile control finds important applications in many research fields. In the mode matching of optical cavities, the adjustment of the beam width is crucial for a good luminous energy storage [10] . An optical parametric oscillator needs a good mode matching in order to amplify the conversion of signal and idler beams, and to minimize the loose of squeezing by noise introduction [12, 13] . For the second harmonic generation in photonics crystal wave-guides, the mode matching should be carefully observed [14] . Additionally, the trapping of charged and neutral atoms has played a fundamental role in atomic and molecular physics [15] . The common trap used for storage devices at ultra-low energies is the dipole trap which relies on the electric dipole interaction with far-detuned lasers. The result is a structure to trap atoms in the region of high intensity of a focused beam [16, 17] . In this context, a controlled rotation of dielectric blocks sheds new light on fine tuning the axial spreading factor and, consequently, tuning of these optical systems in general. Thus, a device capable of controlling the beam width in a simple and precise way is of great importance for laser applications.
The aim of this paper is to experimentally detect the axial spreading modification and the breaking of transversal symmetry of gaussian beams propagating through dielectrics blocks. Our paper is organized as follows. Section II gives a brief exposition of the theoretical predictions and contains the analytical formula used to describe the outgoing beam. It is not our intention to present all the aspects of the theory leading to the analytical formula. For details, we refer the reader to [11] . Section III discusses the experimental data, which show an excellent agreement with the theoretical predictions both for the transversal symmetry breaking and for the axial spreading modification. This suggests the possibility to control the laser beam profile by an appropriate dielectric blocks setup. The final section contains our conclusions and suggestions for future investigations.
II. AXIAL SPREADING AND TRANSVERSAL SYMMETRY BREAKING
Let us consider, an incoming gaussian beam whose intensity is given by
where
. For w 0 λ, the beam divergence is relatively small and we can use the paraxial approximation,
, which allows to analytically integrate the expression for the intensity of the incident beam, Eq. (1), obtaining the well-known expression describing the propagation of free gaussian beams
After passing through N dielectric blocks like those drawn in Fig. 1(a) and M dielectric blocks, clockwise rotated with respect to the previous ones by an angle π/2 along the z axis, see Fig. 1 
where T [TE,TM] are the transmission coefficients obtained by solving the electromagnetic Maxwell wave equations in the presence of stratified media. These coefficients contain the geometrical phase, φ Snell , obtained by imposing the continuity of the electromagnetic field at dielectric/air interfaces [1] and the Goos-Hänchen phase, φ GH , apprearing in the Fresnel coefficients for incidence greater than the critical one [2] . Observing that the effects on the beam propagation caused by the GH phase with respect to the ones caused by the Snell phase are proportional to λ/AB, for the purpose of our investigation, without loss of generality, we can only consider the Snell phase. The first order terms are clearly responsible for the transversal lateral displacements. Indeed, they directly act on the transversal spatial phase exp[ i ( k x x + k y y ) ] modifying the center of the incoming beam,
confirming the optical path predicted by the laws of geometrical optics [1] . The Snell second order terms act on the axial spatial phase exp
modifying the axial spreading in the transversal plane xz and yz [11] ,
Consequently, propagation through dielectric blocks causes a symmetry breaking with respect to the free propagation and more important, as predicted in ref. [11] , a focalization like effect. The outgoing beam intensity, for incidence greater than the critical one, can then be expressed by
are the Fresnel transmission coefficients for transverse electric (TE) and transverse magnetic (TM) waves [5] . The angle ψ is obtained from the incidence angle θ by the Snell law, sin θ = n sin ψ, and the angle ϕ (incidence at the down dielectric air interface) is given by ψ + π 4 [5] .
is the center of the beam obtained by the first order term of the Taylor expansion of the Snell phase (confirming the optical path predicted by the ray optics) [1] . BC = √ 2 tan ϕ AB guarantees that the laser exit point from the dielectric block has the same height of the incoming one [6, 7] , and, finally,
with
gives the axial spreading modifications due to the second order contribution of the Snell phase expansion, for details see ref. [11] . For N = M ,
which causes the transversal symmetry breaking. Now that we are familiar with the mathematical formulation of the transmitted beam, it would be natural to consider a particular incidence angle to prepare the experiment. The choice of θ = π/4 (see Fig. 1 ) has the advantage of not modifying the center of the beam (8),
For this incidence angle, we have
and, consequently, the Fresnel coefficients (7) become
It is possible to establish the axial modifications by knowing the number and the kind of blocks, (M, N ), and the factors
The normalized intensity,
, is clearly independent of the polarization and for the incidence angle π/4 becomes
The choice of a configuration with a number of blocks M = N allows to recover the transversal symmetry. In this case, the outgoing beam will be a symmetric gaussian beam and its width will be reduced with respect to the width of a beam propagating in the free space (focalization like effect caused by the propagation through the dielectric blocks).
III. EXPERIMENTAL EVIDENCE OF TRANSVERSAL SYMMETRY BREAKING
Before discussing the experimental data, let us describe the experimental setup used to observe the transversal symmetry breaking and the axial spreading modification. The incoming beam was a TM polarized gaussian DPSS laser (the choice of a particular polarization does not influence the profile modifications) with a power of 1, 5 mW, with a wavelength λ = 532 nm , and focused, by a lens of focal length f = 50 cm, in order to obtain a beam waist radius
The beam parameters were determined by applying the knife-edge method along the beam path [18] . Recalling that
and observing that
for free propagation, at the power meter located at
we should find the following beam width 
Each dielectric block used in the experiment had a refractive index n = 1.515 (BK7) and dimensions see Fig. 1(a-b) . The incoming beam propagates along the z-axis (see Fig. 1 ) and forms with the left interface an angle of θ = π/4 in both the (a) and (b) configurations. To guarantee that the transmitted beam coming out of the dielectric block at the same height of the incident point,
The blocks faces are anti-reflection coated to reduce unwanted internal reflections. In order to investigate the axial spreading modification and the transversal symmetry breaking, we used two different block configurations. Fig. 1(a) shows a block in which the plane of propagation is the y-z plane. This dielectric structure corresponds to the configuration (M, N ) = (0, 1). By rotating the block clockwise along the z-axis with an angle π/2, we get a dielectric structure in which the plane of propagation is the x − z plane, as shown in Fig. 1(b) . This dielectric structure corresponds to the configuration (M, N ) = (1, 0). In Fig. 1(c), we have the configuration (M , N ) = (2 , 1) , i.e. two blocks with a plane of propagation in the x − z plane and one with a plane of propagation in the y − z plane. The order is not relevant and the transversal profiles will be the same for all possible permutations of the blocks. The symmetry is recovered after the beam passes through the first two blocks with a different plane of propagation. After passing through the last block the transversal symmetry breaking acts principally on the x-axis reverting what happened after the first block. By using (17) we can give the theoretical predictions of the outgoing beam widths at the power meter
where the errors were obtained by using Eq. (15) . The experimental widths were calculated by
where x KM and y KM were found by the knife-method for 18).
By using the measurements done by the knife-method, we can also obtain the intensity at the power meter,
and its errors,
These intensity values are listed in Table 1 .2 and were used in the plots of Fig. 2 , configuration (M, N ) = (0, 3), and Fig. 3, configuration (1, 1) , to compare the experimental data with the theoretical curves (blue solid lines) obtained by Eq. (14) . The agreement is excellent and confirms the theoretical predictions. The dashed black lines represent the beam intensity for free propagation. As can be seen in all three configurations, we have a clear spreading delay of the laser passing through dielectric blocks. In Fig. 2 , we can see a maximal breaking of symmetry between the transversal coordinates. The symmetry is recovered in Fig. 3 where M = N = 1.
IV. CONCLUSIONS
The Goos-Hänchen phase has been the matter of studies since the fifties [2, 3] . The Snell phase, often forgotten, has recently been used as an alternative way to obtain the optical path predicted by geometrical optics [1] and, even more important, to predict the axial spreading modification and the breaking of symmetry in the transversal profiles of laser propagating through dielectric blocks [11] .
In this paper, we have experimentally tested the theoretical predictions, for an incidence angle of π/4, and found an excellent agreement with the analytical formula given by literature [11] . This excellent agreement of experimental data and theory can be regarded as a convincing proof of the importance to use the Snell phase in order to correctly describe the propagation of optical beams through dielectric blocks, on one hand, and of the possibility to use dielectric structures to control the laser beam profile, on the other hand. Indeed, this profile modification technique, allowing to focus the beam and to act on its transversal symmetry, is better than using a simple lens.
Future studies could test the formula at different angles and observe, in particular, the results in the proximity of the critical angle where analytical formulas cannot be obtained and where the GoosHänchen phase could play a relevant role. In this case, the experimental data should be compared with numerical calculations. We also expect phenomena of transversal symmetry breaking in Herimite and Laguerre-Gauss beams propagating through dielectric blocks. 1) . The symmetry between the transversal components x and y is recovered. It is also possible to see the axial spreading delay with respect to the free propagation. The experimental data show an excellent agreement with the theoretical curves.
